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Abstract: Eﬃciency of solar photovoltaic generation plants depends not only on internal operational conditions but
also on external atmospheric conditions. Total eﬃciency is influenced by various weather conditions such as cloudiness,
temperature, and irradiation. In order to generate maximum energy, photovoltaic (PV) arrays should be operated at
their maximum power point (MPP), varying external factors like partial shading and surface temperature and amount of
radiation coming from the sun. In modern PV systems, maximum power point trackers (MPPTs) have been used in order
to reach the MPP, changing with the factors given above. MPPT units are implemented to control DC-DC converters
that are connected to terminals of PV arrays. MPPTs operate according to some algorithms to reach the maximum
power level in various conditions. This study presents a new modification of the incremental conductance (IncCond)
algorithm, one of the best-known algorithms, to improve total eﬃciency of solar energy conversion systems. The proposed
modified algorithm is able to catch the new MPP quickly compared to the conventional type and oscillations are also
decreased, reaching a new operating point.
Key words: DC-DC converters, incremental conductance algorithm, maximum power point tracker, photovoltaic
systems

1. Introduction
Maximum power point tracker (MPPT) systems have been used in photovoltaic (PV) power conversion systems
because they have advantageous eﬀects on overall eﬃciency. Recent studies about PV systems have focused
on minimizing the costs and maximizing the conversion eﬃciency [1]. New methods and algorithms have been
developed or modified to generate electrical power at maximum eﬃciency and minimum losses from solar cells.
Solar cells have nonlinear characteristics and behave dependently on the current source. Voltage and current of
solar cells change depending on irradiation and temperature [2]. Therefore, a MPPT control scheme requires
variable temperature and solar irradiation conditions. MPPTs are improved to capture the maximum power
level in diﬀerent atmospheric conditions [3]. So as to maximize the conversion eﬃciency from solar arrays, the
PV system should be operated at its MPP [4]. I-V and P-V characteristics of solar panels used in this study
are given in Figure 1. As can be seen from Figure 1, solar irradiation increases the current and power coming
from the solar panel under diﬀerent test conditions.
∗ Correspondence:
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Figure 1. I-V and P-V characteristics of considered solar cell module.

The most important drawback of PV systems is the low-eﬃciency problem during power generation.
Connection losses and shading on solar panels also cause an extra drop in the total eﬃciency. In addition to
this, the angle of solar radiation and the temperature of both ambiance and panel surfaces also aﬀect the total
eﬃciency. Hence, PV systems should be operated at their MPP to improve total eﬃciency. MPPT algorithms
should be applied to reach the MPP level in various conditions. Hence, it is possible to produce maximum
power from PV systems. MPPT algorithms control DC-DC converters so as to track variable voltage and
current among the panel and load. MPPT designs deal with converter type and algorithm. The selection
of suitable converter type is a significant issue for MPPT design. Buck, boost, and buck-boost types are
mostly preferred. Boost converters require more inductance than buck converters to achieve the same ripple of
inductor current. In this type of converter, the current of the inductor is much less than that of buck converters.
However, buck converters require larger and more expensive input capacitors than the boost type to even the
discontinuous input current from the solar array. The polarity of output voltage of the buck/boost type varies.
Hence, several converter types have been tested and suggested in the literature. In addition to the well-known
buck, boost, and buck-boost types, second-generation converters such as SEPIC [5,6] and CUK [7,8] are used
in this field as well as isolated flyback and forward [9] type converters used when higher voltage conversion
is required. Furthermore, previous studies suggested various control methods for MPPT design. Fuzzy logic
[10], digital signal processing controllers [11], field programmable gate array controllers [12,13], and parallel
processing topology [14] are some of the important methods and controllers. To reach the MPP faster, several
algorithms such as perturbation and observation [15,16], incremental conductance (IncCond), look-up table,
current control loop [17], constant voltage, and Takagi–Sugeno fuzzy [18] were proposed and applied.
This study focuses on an optimization of the IncCond algorithm. The conventional IncCond algorithm is
used with constant iteration step size. Therefore, its decision-making speed increases in proportion to the step
size of error. However, a higher step size reduces the eﬃciency of the MPPT. This diﬃculty causes more power
losses and complicates the control actions. Therefore, some calculation procedures of the conventional IncCond
algorithm need to be modified. The proposed modification in this study is variable step size. The common
grid-connected PV system consists of solar modules, a step-up DC-DC converter, and a DC-AC converter [19].
The proposed algorithm is simulated in grid-connected energy conversion systems including a solar panel, a
DC-DC converter, and a DC-AC inverter as given in Figure 2.
2. Equivalent diagram and modeling of solar cells
Solar cells behave as a diode that has a PN junction. When sunlight falls on a cell, photo power acts like
a forward diode on a large surface and generates electrical energy. As a result of sunlight hitting the cell, a
potential diﬀerence and current flow occur. The current expression is given in Eq. (1).
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{
[
I = IP H − IS × exp

]
}
q
(V + I × RS )
(V + I × RL ) − 1 −
A×k×T
RSH

(1)

Here, I P H , I S , R L , Rs, R SH , V, and I are photocurrent, saturation current, load resistance, series equivalent
circuit resistance, parallel equivalent circuit resistance, output voltage, and load current, respectively. The
equivalent circuit diagram for a solar cell is shown in Figure 3 [20].
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Figure 2. Conventional PV energy conversion system.

Figure 3. Equivalent circuit diagram for solar cells.

PV panels combined with series and parallel-connected solar cells electrically connect a current source,
series and parallel resistances, and parallel diodes. The relation between the voltage and current of solar cells
exposes I-V and P-V characteristics. These two characteristics give important clues regarding which conditions
are required in order to obtain power from the panel to reach its maximum level. Obtaining maximum power
and reaching the highest eﬃciency level from panels are important research topics. Solar panels act like a current
source from a certain point onward, while they act like a voltage source. The current that can be obtained from
a solar panel is fixed even in the case of a short circuit. This parameter is given in the datasheet of the panel
along with the plate value of the panel. It is necessary to obtain maximum power from PV panels in diﬀerent
irradiation conditions. The electrical parameters of the PV array used in this study are given in the Table.
Table. Electrical characteristics of PV panel (SunPower SPR-305-WHT).

Module specifications under STC
Open-circuit voltage (Voc)
Short-circuit current (Isc)
Voltage at Pmax (Vmp)
Current at Pmax (Imp)
Number of series-connected modules per string
Number of parallel strings

Parameters
64.2 V
5.96 A
54.7 V
5.58 A
5
66

3. Essentials of incremental conductance algorithm
As shown in Figure 1, solar cells have two main characteristics. The P-V (power-voltage) curve illustrates the
generated power depending on output voltage. The highest point of that curve is also called the MPP. At
that point, the power derivative with respect to voltage is zero. The IncCond algorithm seeks the MPP during
variable operating conditions continuously. The algorithm is summarized by Eq. (2).
dP d(V I)
dI
=
=I +V×
= 0, at the MPP
dV
dV
dV
Eq. (3) is derived from Eq. (2) as follows.
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I
dI
=−
V
dV

(3)

The left-hand side of Eq. (3) represents the opposite of the solar array’s instantaneous conductance and the
right-hand side represents its incremental conductance. As a consequence, the method requires the application
of a repeated perturbation of the voltage value, until the next condition [21,22] occurs, as in Eq. (4).
Ik
Ik −I k−1
=−
Vk
Vk −Vk−1

(4)

Here, the subscripts k and k − 1 refer to two sequential samples of the PV voltage and current values. The
conventional IncCond algorithm [23] is shown Figure 4. The equations at the MPP are as follows:
START

Sample
V(k), I(k)

dV=V(k)-V(k-1), dI=I(k)-I(k-1)
dP =V(k).I(k)-V(k-1).I(k-1)

dV = 0
No

Yes

Yes

Yes
dI = 0

dI/dV = -I/V

D(k) = D(k-1)

D(k) = D(k-1)
No

No
Yes

Yes
dI > 0

dI/dV> -I/V
No
D(k)=D(k-1)-step

No
D(k)=D(k-1)-step

D(k)=D(k-1)-step

D(k)=D(k-1)-step

Update V(k-1) = V (k), I (k-1) = I(k)

Return

Figure 4. Flowchart of the conventional IncCond algorithm.

)
dP
= 0 , at MPP
dV
(
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dP
dI
>− ;
>0 , left of MPP
dV
V
dV
(
)
I
dP
dI
<− ;
<0 , right of MPP
dV
V
dV
dI
I
=− ;
dV
V

(

(5a)
(5b)
(5c)

445
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Basically, Eq. (2) is repeated in Eq. (5a). This equation that defines the derivative of current with
respect to voltage should be zero at the MPP. The main goal of the algorithm is to catch that point in diﬀerent
conditions. Solar cells have several P-V curves depending on temperature and irradiation level, as seen in Figure
1. Therefore, the MPP may change continuously and the algorithm always has to find it. Eqs. (5b) and (5c)
define the inequalities for the left and right side of the MPP. On the left side of the MPP, the derivative of
power according to voltage is positive and voltage should be increased. After that, the derivation should be
recalculated as it reaches zero. Similarly, on the right side of the MPP, the derivation is negative and the
algorithm tries to find the MPP by decreasing the voltage until it reaches zero. When the MPP is reached,
the MPPT continues to operate at this point until another variation occurs in the current. The increasing of
iteration steps decides how fast the MPP is tracked and reached. Faster tracking can be achieved with large
increments, but the system cannot work stably and some oscillations around the MPP may occur.
4. Proposed incremental conductance algorithm modification
In the proposed algorithm, instead of a constant step coeﬃcient, ∆P was adopted as in Eq. (6) in order to
attain the MPP.
∆P = V (k) × I (k) − V (k − 1) × I(k − 1)
(6)
In other words, change of power generates ∆P and it provides a faster way for identifying the MPP. ∆P =
0 means no iteration has been performed with regards to duty cycle changing and the ripple was minimized.
Thus, a parallel coeﬃcient was provided for power change to faster identify the MPP. In addition, at the MPP,
dI
dV

+ VI = 0 and no iteration is performed. Conductance error is ε of the present measurement and the recorded

conductance G mpp is characterized by ε = i/v − Gmpp [20]. This ε value can generate ripple under variable
solar irradiation [24]. The ripple causes power loss. If the absolute value of

dI
dV

+ VI is smaller or equal to ε, the

step of the duty cycle will be reset (∆P = 0), which means that D(k) = D(k–1) and so ripple will be eliminated.
The flowchart of the proposed algorithm is shown in Figure 5. The flowchart in Figure 5 was designed in order
to prevent ripple emerging during attempts to identify the MPP of the IncCond algorithm and to more quickly
identify this point following significant power changes.
In this approach, ∆P denotes power change. When the panel and duty cycle of the DC-DC converter
[D(k)] is increased or decreased in accordance with this power change, it is found in the simulation results
that ripple is reduced and D(k) at the MPP is identified sooner. In the case of no power change, ∆P = 0 or
dI
abs( dV
+ VI )≤ ε, no iteration is performed. In this case, ripple around the MPP under variable solar irradiation

is eliminated, thus improving the algorithm. When power change increases, the iteration coeﬃcient increases.
Otherwise, the iteration coeﬃcient decreases. At the left side of the MPP, if D(k) increases, power increases,
and if D(k) decreases, power decreases, too. Conversely, at the right side of the MPP, when D(k) increases,
power will decrease, and when D(k) decreases, power will increase. Therefore, when the duty cycle is changed,
if there is an increase in power, change in the same way should be maintained (a step that equals absolute value
∆P should be added). If there is a decrease in power, change should be continued in an inverse way ( ∆P should
be subtracted). Thus, a more determined algorithm is developed. As seen from Figure 2, the MPPT is a power
tracking system that enables us to obtain maximum power from PV panels. In the MPPT block, the DC-DC
converter is controlled by the IncCond algorithm by tuning the duty cycle. As a result of this, the maximum
power level from the PV panel is reached. In this configuration, depending on the atmospheric changes, the
changing duty cycle controls the DC-DC and DC-AC converters to reach the MPP. The studied system is
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START
Sample
V(k), I(k)

dV=V(k)-V(k-1), dI=I(k)-I(k-1)
dP =V(k).I(k)-V(k-1).I(k-1)

Yes
abs(dI/dV+I/v)≤Ԑ

D(k) = D(k-1)

No
dV = 0

No

Yes

Yes

Yes
dI = 0

dI/dV = -I/V

D(k) = D(k-1)

D(k) = D(k-1)
No

No
Yes

Yes
dI > 0

dI/dV> -I/V

No
D(k)=D(k-1)+dP

D(k)=D(k-1)-dP

D(k)=D(k-1)-dP

D(k)=D(k-1)+dP

No
Update V(k-1) = V (k), I (k-1) = I(k)

Return

Figure 5. Flowchart for proposed IncCond algorithm.

simulated by using the Simulink/Simpower system toolbox. In the simulations, the proposed controller was
modeled using the MATLAB Function Block. A MATLAB code was also written and added to the MATLAB
Function Block.
5. Test results
In the simulations, three cases are considered to compare both algorithms. In the first case, outputs of the
DC-DC converter (DC side) are considered when insolation decreases. In the second, the same parameters are
also considered when insolation increases and decreases. In the last case, outputs of the inverter (AC side) are
considered when insolation increases or decreases. The block scheme for both this case and the previous case is
given in Figure 6.
The block scheme is an average model of a PV array connected to a 35-kV grid via two DC-DC boost
converters and a single three-phase voltage source converter (VSC). The two MPPT controllers based on the
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ÖZÇELİK and YILMAZ/Turk J Elec Eng & Comp Sci

PV Array 1
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66 parallel

Boost
Converter
with MPPT
VSC
Inverter
with LC
Filter

PV Array 2
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66 parallel

Boost
Converter
with MPPT

DCBus

Step Up
Transformer
0.26/35 kV, 50 Hz

AC Bus

Grid

Figure 6. Schematic block diagram of simulated systems.

IncCond technique are implemented by means of a MATLAB function block that generates embeddable C code.
The model contains two average boost converter models, which increase the array voltage to 500 V DC. The
boost converter produces an output voltage that is greater than or equal to the input voltage; as the duty ratio
(D) of the switch approaches unity, the output voltage goes to infinity according to Eq. (7) [25]. V o is the
output voltage of the boost converter and V s is the output of the PV array in this expression.
Vo =

Vs
1−D

(7)

η is eﬃciency of the boost converter and the maximum duty ratio is given by Eq. (8).

Dmax = 1−

Vs(min) ×η
Vo

(8)

The boost converter voltage is increased from 273.5 V to 500 V. This converter uses a MPPT system that
automatically varies the duty cycle in order to generate the required voltage to extract maximum power. The
average model of the VSC converts the 500 V DC to 260 V AC and keeps unity power factor. The control of
the VSC system uses two control loops: an external control loop, which regulates the DC link voltage to ± 250
V, and an internal control loop, which regulates Id and Iq grid currents. Id and Iq current references are the
outputs of the DC voltage regulator unit. Voltage outputs of the controller are converted to three modulating
signals U ref by using pulse width modulation (PWM). The control system uses a sample time of 100 µ s for
voltage and current control units to synchronize the phase-locked loop. Additionally, pulse generators of the
DC-DC converter and VSC utilize a sample time of 1 µ s in order to get appropriate resolution of PWM signals.
The block diagram for VSC control is shown in Figure 7 [26].
Figure 8 shows the input voltage of the VSC control unit, output Vref of the VSC, and Va grid voltage
under various irradiation conditions.
To reach a balance of flow between the AC and DC of the VSC, V dc reference is kept on the inverter side.
The reactive power reference is set to zero, which is unity power factor, but in line with the system requirements
it could be changed.
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Generation
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Vd, Vq

Id_ref, Iq_ref

Figure 7. VSC control block diagram.

Figure 8. (a) Input voltage of VSC control unit, (b) output Vref of VSC, (c) Va grid voltage.

5.1. Results for case I
Results obtained from the modeling in MATLAB/Simulink are presented in this section. Solar irradiation is
around 1000 W/m 2 at the starting point. Irradiation is decreased to about 980 W/m 2 linearly until 0.5 s. In
this case, a linear decrease was observed in the system, which is exposed to a radiation rate of about 1000 W/m 2
for 0.5 s, and the radiation decreased to nearly 980 W/m 2 . In view of this change, it can be considered as a slow,
classical method and responses of identical systems operated by the modified method were compared. Power
and current responses are compared in Figures 8 and 9. It can be seen from the results in Figures 9 and 10 that
oscillations were eliminated by the proposed method. The current is changed smoothly according to insolation.
Smoothing in the changing of the current also provides less loss. In the steady state, this dramatically reduces
ripples in PV power and current compared to continuous perturbations caused by IncCond-type algorithms.

5.2. Results for case II
In this simulation, solar irradiation is 1150 W/m 2 at the starting point. It is increased to 1250 W/m 2 until t
= 2.65 s. After that, it is decreased to under 950 W/m 2 until t = 2.7 s. Finally, solar irradiation is increased
again to 1000 W/m 2 linearly until the end of the simulation, as seen in Figure 11. Compared with the results
of power changing in Figure 8, the modified algorithm increased power demand from the solar arrays and also
oscillations were eliminated. Therefore, more power and less loss can be obtained from the PV arrays by using
the modified algorithm.
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Figure 9. (a) Solar radiation, (b) output power of DC side for both algorithms in case I.

Figure 10. (a) Changing of solar radiation and output current of DC side for (b) conventional and (c) modified IncCond
algorithms in case I.

Figure 11. (a) Changing of solar radiation and (b) output power of DC side for both algorithms in case II.

5.3. Results for case III
In this case, only AC side waveforms are considered and given in the following figures.
In this simulation case, solar insolation is increased from 1000 W/m 2 to 1050 W/m 2 during the first 0.7
s. Then it is decreased to 850 W/m 2 and increased to 1150 W/m 2 again, as seen in Figure 12. In the proposed
algorithm, generated power is increased by about 20% compared to the conventional algorithm. The increase
450
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in current can be seen clearly in Figure 13. This figure illustrates the sinusoidal current waveform to the grid.
Voltage waveforms of both algorithms are given in Figure 14. It can be seen from the results of these three cases
that the modified IncCond algorithm reaches the MPP in less time than the conventional IncCond algorithm in
this process. In addition, the modified IncCond algorithm produces fewer ripples than the conventional IncCond
algorithm under various solar insolation conditions and the modified IncCond algorithm is more eﬃcient than

Figure 12. (a) Changing of solar radiation (W/m 2 ) and grid power (kW) for (b) conventional and (c) modified IncCond
algorithms in case III.

Figure 13. Total current to grid for (a) conventional and (b) modified IncCond algorithms in case III.

Figure 14. Total voltage to grid for (a) conventional and (b) modified IncCond algorithms in case III.
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the conventional IncCond algorithm. With the conventional IncCond algorithm, ripples occur and the MPP is
attained slightly later. Particularly, as shown in the figures, ripples in power and current continue for a specific
period of time. These ripples aﬀect the total eﬃciency of the system negatively, too. Losses may be encountered
due to changing parameters as a result of ripples. As these results also suggest, ripple, power loss, and slow
response persist in conventional methods. These problems bring disadvantages because they aﬀect the total
eﬃciency of the panel and extend MPPT identification time.
6. Conclusions
PV systems have low eﬃciency in general. System eﬃciency involves much equipment and many parameters in
the system. Eﬃciency of a single solar cell may diﬀer from that of the panels that constitute these cells. Problems
during installation negatively aﬀect panel eﬃciency. There are also other factors such as panel angle, obstruction
by high buildings, or cloudy weather conditions that cause total or partial shadowing and thus decrease total
eﬃciency. Additionally, software and hardware problems in the MPPT decrease eﬃciency. Switching losses in
the converter circuit may also have a negative influence on total eﬃciency. Slow response rate of the algorithm
and, as stated in this study, occurrence of ripples are also important problems under changing solar insolation
conditions. These factors force us to improve the algorithm. This study focuses on improving the algorithm and
eliminating ripple problems in the IncCond algorithm. When variability increases as a result of factors such as
partial shadowing and cloudy weather, these ripples aﬀect the performance of the system particularly badly. In
order to increase the eﬃciency of system, it is suggested that the algorithm be improved accordingly. It is also
possible to suggest that changes to the algorithm will create no diﬃculties in terms of hardware, which makes it
suitable for experimental purposes. An improved IncCond algorithm is used to modulate the duty cycle of the
boost DC-DC converter and inverter, and thus the tracking speed increased. It is concluded that the proposed
algorithm shows better performance than the conventional IncCond algorithm under changing conditions and
it reduces the power losses.
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